Multisubunit tethering complexes are essential for intracellular trafficking and have been proposed to mediate the initial interaction between vesicles and the membranes with which they fuse. Here we report initial structural characterization of the Dsl1p complex, whose three subunits are essential for trafficking from the Golgi apparatus to the endoplasmic reticulum (ER). Crystal structures reveal that two of the three subunits, Tip20p and Dsl1p, resemble known subunits of the exocyst complex, establishing a structural connection among several multisubunit tethering complexes and implying that many of their subunits are derived from a common progenitor. We show, moreover, that Tip20p and Dsl1p interact directly via N-terminal a-helices. Finally, we establish that different Dsl1p complex subunits bind independently to different ER SNARE proteins. Our results map out two alternative protein-interaction networks capable of tethering COPI-coated vesicles, via the Dsl1p complex, to ER membranes.
Intracellular trafficking of proteins and lipids is accomplished in eukaryotes by means of vesicles that ferry cargo from one compartment to another, or to and from the plasma membrane. Cargo selection, vesicle formation, and vesicle docking and fusion require a large ensemble of cellular proteins and protein complexes 1 . Some of these, such as vesicle coats and SNAREs (soluble N-ethylmaleimidesensitive factor attachment protein receptors), have reasonably welldefined functional roles: the assembly of coat subunits helps drive vesicle formation, whereas the assembly of complexes between cognate SNARE proteins catalyzes the fusion of vesicles with appropriate target membranes. Precise functional roles have not, however, been assigned to other proteins with essential roles in vesicle trafficking. Most of these additional proteins are either small G proteins of the Rab family 2 or members of a seemingly heterogeneous set of proteins and protein complexes collectively termed 'tethering factors' 3 .
Tethering factors have been proposed to mediate an initial, reversible attachment between a transport vesicle and its proper intracellular target membrane 3, 4 . Nonetheless, fundamental questions about tethering factors remain unanswered. First, how many different types of tethering factors are there? A strong distinction can be drawn between homodimeric tethering factors, which are highly elongated coiled-coil proteins, and multisubunit tethering factors, which are composed of as many as ten different polypeptides 5, 6 . Among the multisubunit tethering factors, there is clear evidence for structural diversity, and therefore mechanistic diversity, but the extent of this diversity is not understood. A second question concerns the extent to which multisubunit tethering factors actually mediate vesicle tethering. Considerable uncertainty remains on this central point, in part because, unlike budding and fusion, tethering has not been reconstituted using defined protein and lipid components. Moreover, structural information that could serve as a foundation for probing the function and mechanism of tethering factors has been, in many cases, unavailable. A third question is whether tethering factors fulfill additional functions beyond (or instead of) vesicle tethering. The multisubunit tethering factors, in particular, seem to be architecturally complex and might well possess functionality extending beyond simple membrane attachment. This seems especially plausible in light of the demonstrated genetic and/or physical interactions between multisubunit tethering factors and Rabs, vesicle coat proteins, SNAREs and other components of the cellular trafficking machinery 4, 7 . In several cases, multisubunit tethering factors seem to influence the assembly and/or stability of SNARE complexes [8] [9] [10] [11] , but the mechanism by which this is accomplished is unknown.
To establish a basis for addressing some of these questions, we and others have initiated efforts to determine the structures of multisubunit tethering complexes, or their subunits or subassemblies. To date, eight conserved multisubunit complexes, containing 3-10 subunits each and functioning largely in discrete trafficking pathways, have been identified 4 . The most complete structural information is available for the 300-kDa TRAPP I (transport protein particle I) complex, which functions in ER-to-Golgi trafficking 12, 13 . EM combined with X-ray crystallography established that TRAPP I is made up of seven subunits that assemble to form a flattened, two-lobed array 14 . More fragmentary structural information is available for the exocyst 15 and COG 16 (conserved oligomeric Golgi) complexes, which operate at the plasma membrane and Golgi, respectively. Both exocyst and COG complexes are hetero-octamers with molecular weights exceeding 500 kDa. Structures of five individual subunits-four exocyst subunits [17] [18] [19] [20] [21] and one COG subunit 22 -have been reported. Notably, although these structures all resemble one another, none of them resembles TRAPP I subunits. This observation divides the structurally characterized multisubunit tethering complexes into at least two different families. Whether the remaining complexes fit into either of these families is largely unknown, although sequence homology suggests that the GARP (Golgi-associated retrograde protein) complex probably belongs to the exocyst and COG family 23, 24 . Also unknown, except for TRAPP I, is how the subunits within each complex interact with one another.
Here we report initial biochemical and crystallographic analysis of the Dsl1p multisubunit tethering complex 10 . The Dsl1p complex has only three known subunits; in the yeast, Saccharomyces cerevisiae, they are Dsl1p, Tip20p and Sec39p (also called Dsl3p). All three are essential for viability. Despite lacking predicted transmembrane domains, Dsl1p, Tip20p and Sec39p all localize to ER membranes; temperature-sensitive mutations in any one of them blocks Golgito-ER retrograde trafficking 10, [25] [26] [27] [28] [29] . We have determined X-ray structures for two subunits of the Dsl1p complex, Tip20p (full length) and Dsl1p (residues 37-355). Both structures reveal unanticipated but significant similarity to subunits of the exocyst complex, providing direct structural evidence that the Dsl1p, exocyst and COG complexes are derived from a common evolutionary precursor. Our results delineate a series of protein-protein interactions capable of tethering COPI vesicles to the ER via the t-SNAREs Sec20p and Use1p. They furthermore establish that the Dsl1p complex has two independent binding sites for two different SNARE proteins, suggesting a potential role in controlling SNARE assembly.
RESULTS

Tip20p structure
We began by determining the crystal structure of full-length yeast Tip20p (residues 1-701) at 3.0-Å resolution using MAD phasing (Fig. 1a) . The structure consists entirely of a-helices and intervening loops of variable length, organized into a series of helix-bundle domains. Despite the absence of any detectable sequence similarity 23 , there is a strong resemblance between Tip20p and each of the four exocyst subunits that have been structurally characterized (Fig. 1b) . This resemblance establishes a structural link to the COG complex as well, because several COG subunits resemble exocyst subunits (ref. 22 and B.C. Richardson and F.M.H., unpublished results). Thus, the available structural data support the sorting of multisubunit tethering complexes into at least two unrelated families: one that includes TRAPP I and TRAPP II, and another that includes the exocyst, COG and Dsl1p complexes.
Tip20p is the first subunit of an exocyst/COG/Dsl1p family tethering complex to be crystallized intact; previously reported structures [17] [18] [19] [20] [21] [22] were based on crystals (or NMR characterization) of N-terminally truncated subunits. The most nearly complete of the previously reported structures, lacking just 66 out of 623 residues, is the exocyst subunit Exo70p [17] [18] [19] . Comparing Exo70p and Tip20p reveals that they share a core structure consisting of helix-bundle domains (domains A-D; Fig. 1a,b ). Tip20p has, in addition, a set of N-terminal helices, as well as an extra C-terminal domain (domain E). An analogous C-terminal domain is present in one other exocyst subunit (Sec6p 20 ), but is lacking from others (Exo70p and Exo84p 17 ). For Sec15, the potential presence of an extra C-terminal domain is ambiguous because the published structure 21 lacks C-terminal regions in addition to N-terminal regions. Further details are provided in the Figure 1 legend. Comparing the intact Tip20p structure to the nearly intact Exo70p structure reveals a marked difference (Fig. 1b) . Exo70p's four domains are arranged in a linear array, giving 20 , Drosophila melanogaster Sec15 (PDB 2A2F, residues 382-699 out of 766) 21 , S. cerevisiae Exo70p (PDB 2PFV, residues 67-623 out of 623) [17] [18] [19] and S. cerevisiae Exo84p (PDB 2D2S, residues 525-753 out of 753) 17 . Pairwise alignment was performed with the program DaliLite to match each of the exocyst structures to domains C through E of Tip20p; Dsl1DC was then aligned to domains A and B of Exo70p. The DaliLite Z scores for the alignments shown were 11.5 (Tip20p-Exo70p), 9.0 (Tip20p-Exo84p), 16 .0 (Tip20p-Sec6p), 12.4 (Tip20p-Sec15) and 7.1 (Dsl1DC-Exo70p). (c) Dsl1DC (residues 37-355 out of 754), color-coded by domain.
rise to a rod-like shape. The corresponding domains of Tip20p, on the other hand, are arranged in a curving array, giving rise to a sharply bent, hook-like shape. The difference in global conformation between Exo70p and Tip20p is largely attributable to differences in the A-B and B-C hinge angles. The specific bent conformation observed for Tip20p is probably a thermodynamically favorable one, because it is adopted by all four independent Tip20p monomers in the crystallographic asymmetric unit (pairwise r.m.s. deviation 1.3-2.9 Å ). It is possible that the straight and bent conformations simply reflect static structural differences between Exo70p and Tip20p. An intriguing alternative is that Exo70p and Tip20p, and perhaps other exocyst/ COG/Dsl1p subunits, are structurally dynamic molecules that adopt both straight and bent conformations during a functional cycle. Crystallographic evidence for modest flexibility at the B-C hinge of Exo70p was reported previously 18 .
The Tip20p structure offers a first opportunity to examine the conformation of the N-terminal region of an exocyst/COG/Dsl1p complex family subunit. The entire N-terminal region, except for residues 1-4, shows clear electron density. Notably, residues 5-38 form a long a-helix that projects away from the main body of the protein (Fig. 1a, right) . This helix is stabilized, in the crystals, by forming an antiparallel coiled coil with the corresponding helix of a second monomer. This interaction is not, however, maintained in solution, as judged by sedimentation velocity analytical ultracentrifugation experiments (data not shown). Instead, as discussed below, the N-terminal helix is required for the interaction between Tip20p and another subunit of the Dsl1p complex, Dsl1p itself.
Dsl1p structure
We were able to produce soluble full-length yeast Dsl1p (residues 1-754) but could not generate diffraction-quality crystals, perhaps because the full-length protein contains a central region (residues 388-467) with an unusual concentration of charged residues 28 and an absence of predicted regular secondary structure. We therefore tested truncated versions of Dsl1p, obtaining the highest-quality crystals using an N-terminal fragment (residues 1-361) that we named Dsl1DC. The X-ray structure of Dsl1DC, determined using MAD phasing and refined to 2.4-Å resolution, revealed a molecule with a significant resemblance to other exocyst/COG/Dsl1p complex family subunits (Fig. 1b,c) . Like these structures, Dsl1DC consists primarily of a-helical bundles. No electron density was discernable for the first 36 residues of Dsl1DC, suggesting that the extreme N terminus, although present, is not well ordered crystallographically. Residues 38-73 form a long a-helix with a pronounced bend centered around residue 51 (Fig. 1c) . The C-terminal portion of the helix, residues 57-73, forms the first helix of domain A. The N-terminal portion of the helix, by contrast, projects away from the rest of the protein and interacts in the crystals with the corresponding region of a second monomer via an antiparallel helix-helix interaction. Thus, both Tip20p and Dsl1DC crystallize in such a way that their protruding N-terminal helices are paired and mutually stabilized. It seems likely that, in Tip20p or Dsl1p monomers, these N-terminal regions would be flexible. Such flexibility is consistent with the absence of N-terminal regions from previously reported exocyst and COG structures, all of which were based on stable fragments identified by limited proteolysis [17] [18] [19] [20] [21] [22] .
Tip20p-Dsl1p interaction
Pure recombinant Tip20p bound in vitro to both full-length Dsl1p ( Fig. 2a) and Dsl1DC ( Fig. 2b) , as judged by comparing gel-filtration chromatography profiles of the individual proteins to their equimolar mixture. Although this finding is consistent with a wealth of previous data 10, 25, 26, 30 , it represents the first demonstration of a direct physical interaction between Tip20p and Dsl1p. Sedimentation velocity analytical ultracentrifugation demonstrated that Tip20p and Dsl1DC form 1:1 complexes (data not shown). Isothermal titration calorimetry yielded the same 1:1 stoichiometry, together with a K d of 100 nM (Fig. 2c) . Control ultracentrifugation experiments, using Tip20p or Dsl1DC alone, revealed little or no homodimerization. Therefore, the pairing of N-terminal helices observed in both crystal structures is not sufficient to stabilize either homodimer in solution. It remained possible that an analogous interaction between antiparallel N-terminal helices might mediate the formation of Tip20p-Dsl1p heterodimers. We therefore tested whether N-terminal truncations affected the ability of Tip20p and Dsl1p to bind one another. Indeed, deleting the N-terminal region of either Tip20p (residues 1-81) or Dsl1p (residues 1-56) eliminated heterodimer formation (Fig. 2d,e) . On the other hand, removing just those N-terminal Dsl1p residues (1-36) that were poorly ordered in the crystal structure had no effect on complex formation (data not shown). A glutathione S-transferase (GST) fusion protein containing only the first 43 residues of Tip20p, corresponding to the N-terminal helix, was sufficient to bind Dsl1DC (Fig. 2f) . Together, these results provided a strong indication that Tip20p-Dsl1p heterodimerization entails the pairing of one N-terminal helix from each protein.
To further analyze the Tip20p-Dsl1p interaction, we sought to determine the crystal structure of a Tip20p-Dsl1p complex. Because all of the crystals we obtained from mixtures of Tip20p and Dsl1DC contained only one of the two proteins, we took an alternative approach, fusing the N-terminal helix of Tip20p to the N terminus of Dsl1DC. We obtained high-quality crystals from a fusion protein that linked residues 1-40 of Tip20p to the well-ordered region of Dsl1DC (residues 37-339) via an 8-residue glycine-serine linker. The resulting structure, determined by molecular replacement and refined to a resolution of 1.9 Å , includes residues 9-32 of Tip20p and residues 42-338 of Dsl1p (Fig. 3a,b) . These are connected by a tether, not visible in electron-density maps, consisting of residues 33-40 of Tip20p, the 8-residue glycine-serine linker and residues 37-41 of Dsl1p; this 21-residue tether is capable of reaching 60 Å or more. In the crystal structure, residues 9-32 of Tip20p form an a-helix of about 35 Å in length that packs, in an antiparallel orientation, against the N-terminal helix of Dsl1p. The presence of the Tip20p helix eliminates the bend in the Dsl1p helix (compare Figs. 1c and 3a) . Also noticeable, upon comparing the Dsl1DC structure to the fusion protein structure, is a small reorientation of domain B relative to domain A (not shown). Otherwise, neither the presence of the Tip20p helix nor the change in the crystal-packing environment causes significant perturbation in the Dsl1DC structure.
To test whether the antiparallel helix-helix interaction observed in the crystal structure of the fusion protein was required for Tip20p-Dsl1DC heterodimer formation, we used site-directed mutagenesis to change interfacial hydrophobic residues to either glutamate or aspartate (Fig. 3b) . In excellent agreement with the structure, each of the following mutations abolished heterodimer formation: Tip20p-I10D L28E, Tip20p-V17E, Dsl1DC-L48E, Dsl1DC-L55E and Dsl1DC-L58D; representative results are shown in Figure 3c . Dsl1DC-L41E, on the other hand, modifies a residue that is not ordered in the crystal structure (and therefore not present in Fig. 3b) ; as expected, this modification had no effect on binding. The only unexpected result was that the buried interfacial residue Leu62 could be replaced by glutamate without eliminating binding. However, closer inspection revealed that the mutant Glu62 side chain could, with minor structural readjustment, salt bridge with Arg13 of Tip20p. Thus, structure-based mutagenesis seems to be fully consistent with the X-ray structural analysis of the Tip20p-Dsl1DC interaction. We then docked full-length Tip20p onto the structure of the Tip20p-Dsl1DC fusion protein by overlaying residues 9-32 of Tip20p (Fig. 3d) . This docking exercise revealed a steric clash between the N terminus of Dsl1DC (residues 42-46) and a short helix in the N-terminal region of Tip20p (residues 46-55). This clash is readily resolved, however, by allowing flexibility in the loop connecting the Tip20p N-terminal helix (residues 5-38) to the clashing helix (residues 46-55). Allowing this flexibility is justified by the high likelihood that the specific positioning of this region is dictated by lattice contacts in the Tip20p crystals. Thus, we propose that Tip20p and Dsl1p interact via sequences at (Tip20p) or near (Dsl1p) their N termini. Furthermore, we suggest that this interaction mode likely results in a pliable connection, because of flexibility between the N-terminal helix of Tip20p and the bulk of the Tip20p molecule.
In light of the importance of the N-terminal regions in mediating the interaction of Tip20p and Dsl1p, we were surprised that replacing the full-length Tip20p or Dsl1p subunits with N-terminally truncated versions had been reported to cause only relatively mild growth and trafficking defects in yeast 10, 31 . Nonetheless, we were able to obtain additional evidence for these earlier conclusions by using plasmid shuffling to replace wild-type subunits with mutant subunits incapable of forming stable heterodimers. We tested the mutants Tip20p-I10D L28E, Tip20p-V17E, Tip20DN and Dsl1p-L55E L58D; in no case did we observe a growth defect (data not shown). To attempt to resolve this apparent conundrum, we carried out additional experiments to investigate the network of protein interactions centered around Tip20p and Dsl1p.
Dsl1p ternary complex
The only other known component of the Dsl1p complex, in addition to Tip20p and Dsl1p itself, is Sec39p 10,32 . We were able to reconstitute stoichiometric Tip20p-Dsl1p-Sec39p complexes by combining the three full-length recombinant proteins in an equimolar ratio (Fig. 4a) . When only two of the three proteins were combined, we found that Sec39p bound directly to Dsl1p but not to Tip20p ( Supplementary Fig. 1a online and data not shown). These results are consistent with a model in which the Dsl1p subunit lies at the center of a ternary Sec39p-Dsl1p-Tip20p complex, where it serves to link Sec39p to Tip20p. Further experiments indicated that Tip20p and Sec39p bind to nonoverlapping regions of Dsl1p. As discussed above, Tip20p binds a helix near the N terminus of Dsl1p. Moreover, Tip20DN did not bind to Dsl1p-Sec39p complexes (Fig. 4b) , demonstrating that the inclusion of Tip20p into Sec39p-Dsl1p-Tip20p complexes requires its N-terminal helix. Sec39p, on the other hand, binds to a C-terminal region of Dsl1p. This conclusion is based on the observation that a C-terminal fragment of Dsl1p, Dsl1DN1 (residues 340-754), bound efficiently to Sec39p (Supplementary Fig. 1b) . Furthermore, neither Dsl1DC ( Supplementary Fig. 1c ) nor Tip20p-Dsl1DC complexes (Fig. 4c) were able to bind Sec39p.
Interaction of the Dsl1p complex with ER-localized SNAREs
The subunits of the Dsl1p complex, although they lack potential transmembrane domains, localize to ER membranes 10, [25] [26] [27] . This localization may be mediated, at least in part, by an interaction between Tip20p and the ER SNARE protein Sec20p 10, 27, 33, 34 . Indeed, Tip20p (originally named Tip1p) was first discovered in a screen for 'SEC twenty interacting protein' genes 27 . We attempted to recapitulate this interaction by testing whether Tip20p and the cytoplasmic domain of the SNARE protein (residues 1-275, denoted Sec20DC) bind to one another directly. As predicted, they indeed formed Sec20DC-Tip20p complexes (Fig. 5a ). Sec20DC also bound efficiently to Tip20DN (Supplementary Fig. 1d ), demonstrating that the N-terminal region of Tip20p is not required for the interaction. Most importantly, Sec20DC bound the intact Dsl1p complex, forming a stoichiometric complex containing all four polypeptides (Fig. 5b) .
Our findings imply that a chain of binary protein-protein interactions gives rise to a heterotetrameric Sec39p-Dsl1p-Tip20p-Sec20DC assembly. A strong prediction of the model is that disrupting the interaction between Dsl1p and Tip20p would cause the heterotetrameric complex to dissociate into two binary complexes, Sec39p-Dsl1p and Tip20p-Sec20DC. We tested this prediction in two ways: by replacing full-length Tip20p with Tip20DN and by replacing fulllength Dsl1p with Dsl1DN. In both cases, only the two binary complexes were observed ( Supplementary Fig. 1e,f) . These results provide strong support for the proposed arrangement of the Dsl1p complex subunits. Notably, they also establish that the Dsl1p complex interacts with the t-SNARE Sec20p primarily, if not exclusively, through the Tip20p subunit.
Previous immunoprecipitation experiments using TAP-tagged proteins 10 suggested that the Dsl1p complex associates stoichiometrically with a second ER SNARE protein, Use1p. Like Sec20p, Use1p is required for Golgi-to-ER trafficking 35, 36 . Although we were unable to overexpress the cytoplasmic domain (residues 1-217) of Use1p in soluble form in Escherichia coli, we found that coexpressing it with Sec39p yielded heterodimers that could be purified to near homogeneity. Unfortunately, despite the addition of protease inhibitors, Use1p was invariably cleaved-presumably by a cellular proteaseduring purification. Nonetheless, both of the fragments (comprising residues 1-167 and 1-175) bind Sec39p (Fig. 5c) . It is worth noting that both of these Use1p fragments lack a substantial portion of the membrane-proximal SNARE motif and are therefore unlikely to form stable SNARE complexes. Gel filtration suggests that the purified Sec39p-Use1DC complex, which elutes at a different volume from Sec39p alone, contains little if any unbound Sec39p (Fig. 5c) . Thus, the relatively faint Coomassie Blue staining of Use1DC is not an indication of substoichiometric binding, but is rather a consequence of its small size relative to Sec39p and the fact that it migrates as two distinct bands. We were able to reconstitute complexes containing the full Dsl1p complex plus either Use1DC alone (Fig. 5d) or both Use1DC and Sec20DC (Fig. 5e) . These results support the model shown in Figure 6 . As expected, based on this model, deletion of the Tip20p N terminus severed the heteropentameric complex into two parts, Use1DC-Sec39p-Dsl1p and Tip20p-Sec20DC (Fig. 5f ).
DISCUSSION
The Dsl1p complex is composed of only three subunits, fewer than any of the other known multisubunit tethering complexes 4 . Here we have shown that these subunits-Tip20p, Dsl1p and Sec39p-combine to form stoichiometric binary and ternary complexes. The Dsl1p subunit itself lies at the center of the complex, interacting via its N-terminal region with the Tip20p subunit and via its C-terminal region with the Sec39p subunit. By determining the X-ray structures for approximately half of the Dsl1p complex, including the entire Tip20p subunit and domains A-B of the Dsl1p subunit, we have been able to place these Dsl1p complex subunits into the same structural family as the known exocyst and COG complex subunits, and distinguish them from the unrelated TRAPP I complex subunits. A fourth multisubunit tethering complex, GARP, probably belongs to the exocyst/COG/Dsl1p structural family, as judged by distant sequence homology among GARP, exocyst and COG subunits 23, 24 .
Perhaps most notably, comparison of Tip20p and Exo70p reveals a structural homology extending over all four domains of the Exo70p structure. Owing to large differences in the relative orientations of domains A-C, the overall shapes of Tip20p and Exo70p are nonetheless very different, with Exo70p adopting a straight, rodlike conformation, whereas Tip20p shows a sharply bent conformation. Only one other protein bears a strong structural resemblance to the known exocyst and Dsl1p subunits: the cargo binding domain of the yeast myosin V molecular motor Myo2p 37 . Notably, this domain, too, functions in tethering processes; these include, for example, the tethering of yeast secretory vesicles to actin filaments 38 . Despite the emerging evidence for widespread structural homology among the exocyst/COG/Dsl1p family of multisubunit tethering complexes, it remains difficult to discern the extent to which the various complexes are homologous at the quaternary structural level or to which they operate using homologous mechanisms. At present, the most distinctive property shared by all of these tethering factors is a relatively large array of interacting partners. The yeast exocyst complex, for example, interacts with small GTP binding proteins on both vesicles and the plasma membrane, and in addition binds the plasma membrane t-SNARE Sec9 and the plasma membrane lipid phosphatidylinositol 4,5-bisphosphate [39] [40] [41] . The COG complex interacts genetically and physically with the Rab protein Ypt1, Golgi SNAREs and COPI coat subunits 42 . A similar density of interaction partners is emerging for the Dsl1p complex: although no Rab interaction has been reported, each of the three Dsl1p complex subunits binds directly to either a SNARE protein or, as discussed below, the COPI coat complex.
A potential role in catalyzing SNARE assembly is implied by the finding that the Dsl1p complex uses distinct sites to bind two different ER-localized SNARE proteins. For example, the Dsl1p complex could orient Use1p and Sec20p for facile assembly, or it could modify their conformations to release autoinhibitory interactions, or it could simply increase the local concentration of Use1p relative to Sec20p. Further developments in our ability to generate the relevant recombinant SNARE proteins will be necessary to enable in vitro tests of these possibilities; unfortunately, to date we have been unable to produce the full-length cytoplasmic domains of Use1p or the third t-SNARE, Ufe1p (Fig. 6) . Nonetheless, published evidence is consistent with a role for the Dsl1p complex in SNARE assembly. Specifically, mutations or truncations in any of the Dsl1p complex subunits cause severe reductions in the amount of Use1p and Sec20p that can be co-immunoprecipitated from yeast lysates 10 . It is intriguing to speculate that the potential ability of Tip20p to adopt both bent and Exo70p-like extended conformations might be important for mediating SNARE assembly. By controlling SNARE assembly, tethering complexes might orchestrate the events leading to membrane fusion.
The Dsl1p subunit contains a central region with overlapping binding sites for two different subunits of the COPI vesicle coat protein complex 25, 30 . This observation, in conjunction with our findings, immediately suggests a mechanism for Dsl1p complex-mediated tethering of COPI vesicles to the ER, via bivalent recognition of the ER SNAREs Sec20p and Use1p (Fig. 6) . Indeed, our biochemical analysis establishes that the Tip20p subunit binds directly to Sec20p, as predicted based on earlier studies 10, 27, 33, 34 , whereas the Sec39p subunit binds directly to Use1p. Thus, the Dsl1p complex contains a COPIcoated vesicle binding site at the center and one SNARE binding site at each 'end' . This constellation of binding sites provides a mechanism for vesicular tethering through the simultaneous recognition of vesicles (via direct interactions with the COPI coat itself) and the ER (via direct interactions with Sec20p, Use1p or both). Even in the absence of a Dsl1p-Tip20p interaction, this tethering function could, in principle, be mediated by Use1p-Sec39p-Dsl1p, potentially explaining the lack of an observed growth defect when the Dsl1p-Tip20p interaction is disrupted (refs. 10,31 and data not shown). An alternative explanation, of course, is that the Dsl1p-Tip20p interaction is stabilized in vivo by additional factors not present in our reconstituted system. The Tip20p-Dsl1p interaction could also be sensitive to the assembly state of the SNARE proteins. In the future, additional structural information about the Dsl1p complex and its binding partners should allow these and other models to be tested directly.
METHODS
Protein production. We constructed expression plasmids derived from pQLink (Addgene plasmid 43 13670, 13667; for Use1DC and Sec39p coexpression), pGEX-4T1 (GE Healthcare; for GST-Tip20 1-43 ), or pProExHTb (Gibco; for all other proteins) using PCR. Mutations were introduced using QuickChange Mutagenesis (Stratagene). All expression constructs were confirmed by DNA sequencing. N-terminally His 6 -tagged proteins were overproduced in either Rosetta or BL21 E. coli (Novagen) grown in LB media at 37 1C to an optical density at 600 nm (OD 600 ) of 0.6-0.8 and induced by the addition of 0.3-0.5 mM IPTG. Cells were harvested after an additional 5 h of growth at 23 1C, and the tagged proteins were purified from cell lysates by Ni 2+ -affinity chromatography followed by removal of the His 6 tag by digestion with rTEV protease. The cleaved proteins were then further purified by anion exchange (MonoQ; GE Healthcare) and, for crystallization, size-exclusion (S200; GE Healthcare) chromatography. Purified proteins were stored at -80 1C in 15 mM Tris, pH 8.0, 150 mM NaCl and 1-2 mM DTT. For the preparation of selenomethionine (SeMet)-labeled Dsl1p (residues 1-361) and Tip20p (residues 1-701), methionine synthesis was suppressed by metabolic inhibition essentially as described 44 . Each protein was expressed in Rosetta E. coli cells grown in expression medium (M9 media supplemented with 5% (w/v) dextrose and 0.7% (w/v) yeast nitrogen base without amino acids (DIFCO)) to an OD 600 of approximately 0.8. L-selenomethionine (Acros Organics) was added to a final concentration of 50 mg l -1 , together with a mixture of amino acids intended to inhibit the methionine biosynthetic pathway (lysine, phenylalanine, threonine, arginine, isoleucine, leucine, valine; final concentrations, 50 mg l -1 ; Sigma). After 20 min, protein expression was induced by adding 1 mM IPTG and shaking overnight at 18 1C (Tip20p) or 23 1C (Dsl1p). SeMet-labeled proteins were purified as above, with 6 mM b-mercaptoethanol present throughout.
Crystallization and data collection. We obtained crystals of full-length SeMetsubstituted Tip20p by vapor diffusion at 23 1C using a 3:1 ratio of protein (2 mg ml -1 ) and well buffer (0.1 M N-(2-acetamido)-2-iminodiacetic acid, pH 6.0, 10% (w/v) PEG monomethyl ether 5K, 0.2 M LiSO 4 , 3% (v/v) isopropanol, 5 mM DTT). After 3 d, crystals of dimensions 200 Â 100 Â 75 mm were obtained and were subsequently cryoprotected using well buffer supplemented with sequentially increasing amounts of glycerol (up to 22.5% (v/v)) before flash freezing in liquid nitrogen. Crystals of native and SeMetsubstituted Dsl1p (residues 1-361) were obtained by vapor diffusion at 23 1C using a 2:3 ratio of protein (4 mg ml -1 ) and well buffer (0.1 M HEPES, pH 7.5, 0.45-0.50 M sodium citrate). Crystals were cryoprotected by a brief soak in well buffer supplemented with 30% (v/v) glycerol and flash frozen in liquid nitrogen. A Tip20p-Dsl1p fusion protein (residues 1-40 of Tip20p linked to residues 37-339 of Dsl1p by the linker GGGSGGGS) formed plate-like crystals by vapor diffusion at 23 1C using a 5:5:1 ratio of protein (8 mg ml -1 ), well buffer (0.1 M sodium acetate, pH 5.0, 0.2 M ammonium acetate, 20% (w/v) PEG 4000), and additive (1.0 M lithium chloride). The crystals were flash frozen without additional cryoprotection. All data were collected at the US National Synchrotron Light Source (NSLS) beamlines X25 or X29 and processed using the HKL suite 45 .
Structure determination and refinement. Tip20p crystallized in space group P1, with four molecules in the asymmetric unit ( Table 1) . The structure was determined using MAD phasing methods from SeMet-substituted protein to a maximum resolution of 3.0 Å . The SHELX 46 suite of programs were used to find the SeMet sites and calculate the initial electron-density maps. The program SHARP 47 was then used to further improve the phases. Electron-density maps calculated from solvent-flattened experimental phases showed clear density for a number of a-helices ( Supplementary Fig. 2 online) .
Noncrystallographic symmetry (NCS) was determined from the SeMet sites located by SHELXD and from experimentally phased anomalous difference maps. The four copies of the monomer did not share single NCS relationships over the entire length of each of the molecules; therefore, NCS restraints and averaging needed to be defined on a local basis rather than globally over each chain. Sequence assignment was made on the basis of both model-and experimentally phased electron-density maps, with reference to four-fold averaged maps where necessary. Building was done using the programs O 48 and COOT 49 . The structure was refined using the program CNS 50 against data in the range 30-3.0 Å from the peak SeMet data set, which showed the least radiation damage. NCS restraints were applied between molecules on main chain atoms (including Cb). The final model ( Supplementary Fig. 3 online) spans nearly the entire molecule, comprising residues 5-701, with residues 217-234 and 546-551 missing because of disordered loops that are not visible in any electron-density map. Data collection and structure refinement statistics are summarized in Table 1 . In the Ramachandran plot, 92.0% of the residues are in the most favored regions, whereas 7.0% fall in the additional allowed regions, as judged using MolProbity 51 .
We initially determined the structure of Dsl1DC by MAD at 3.0-Å resolution using a SeMet-substituted crystal ( Table 1) . Initial phases were calculated using SHELX and subsequently improved using SHARP (Supplementary Fig. 2 ). Refinement using REFMAC5 (ref. 52) against native data to 2.4-Å resolution yielded a model containing residues 37-238 and 245-355; no interpretable electron density was observed for residues 1-36, 239-244 or 356-361 (Supplementary Fig. 3 ). In the Ramachandran plot, 96.8% of the residues are in the most favored regions, whereas 2.9% fall in additional allowed regions.
We determined the Tip20p-Dsl1p fusion protein structure by molecular replacement using PHASER 53 (Table 1) . Dsl1DC, broken into separate domains, was used as the search model. The final model, built using COOT and refined against native data to 1.94-Å resolution using REFMAC5, includes Tip20p residues 9-32 and Dsl1p residues 42-238 and 245-338. In the Ramachandran plot, 99.0% of the residues are in the most favored regions, with the remaining 1.0% falling in additional allowed regions. Structure-based sequence alignment was guided by DaliLite 54 . Molecular graphics were rendered using PyMOL (http://pymol.sourceforge.net).
Binding experiments. For gel-filtration binding experiments, we prepared binding reactions by mixing proteins at 8 mM final concentration in a total volume of 300 ml in 15 mM Tris, pH 8.0, 150 mM NaCl, 2 mM DTT. After incubating on ice for 30 min, samples were loaded onto a Superdex 200 10/30 column (GE Healthcare) equilibrated with the same buffer and run at 4 1C using a flow rate of 0.6 ml min -1 . Equal volumes from individual 0.3-ml fractions were analyzed using Coomassie Blue stained SDS-PAGE gels. For measuring binding by isothermal titration calorimetry, we used a VP-ITC titration microcalorimeter (Microcal). 100 mM Dsl1DC in 15 mM Tris, pH 8.0, 150 mM NaCl, 0.5 mM Tris(2-carboxyethyl) phosphine (TCEP) was injected into the sample cell containing 10 mM Tip20p in the same buffer. The resulting titration data were subjected to least-squares fitting using Origin version 7.0 (Origin Laboratories). For measuring binding to immobilized GST fusion proteins, cell lysates containing GST or GST-Tip20p (residues 1-43) were loaded onto glutathione resin (Clontech Laboratories). After washing the beads with buffer (15 mM Tris, pH 8.0, 150 mM NaCl, 1 mM DTT), purified Dsl1DC was added and binding was allowed to proceed for 1 h at 23 1C. Beads were washed extensively with the same buffer, after which bound proteins were analyzed using Coomassie-stained SDS-PAGE gels.
Accession codes. Protein Data Bank: Crystallographic coordinates for Tip20p, Dsl1DC and the Tip20p-Dsl1p fusion protein have been deposited with assession codes 3FHN, 3ETU and 3ETV, respectively.
Note: Supplementary information is available on the Nature Structural & Molecular Biology website.
